Abstract: Concerns about climate change have increased interest in ways to maximize carbon (C) storage in forests through the use of alternative forest management strategies. However, the influence of these strategies on soil C pools is unclear. The primary objective of this study was to test for differences in mineral soil C stocks among various silvicultural and harvesting treatments that were initiated in the 1950s and have been maintained since on the Penobscot Experimental Forest in central Maine, USA. Five mineral soil cores below the surface organic horizon to a depth of 1 m were collected from each replicate (n = 2) of selection, shelterwood, and commercial clearcut treatments. For these treatments, the mean mineral soil C stock was 47.7 ± 16.4 Mg ha −1 (mean ± SD). We found no significant differences in average mineral soil C stocks among treatments. However, a post hoc power analysis indicated that the probability of detecting a significant treatment effect was only 6%. We determined that 98 stands per treatment would be required to be 80% certain that the F test would detect a difference in average mineral soil C stocks whenever any pair of treatments had C stocks differing by more than 5 Mg ha −1 .
Introduction
Strategies to mitigate climate change include methods for maximizing carbon (C) storage in forests and harvested wood products, and using forest-derived biofuels as a substitute for fossil fuels. However, there is concern about how the type of forest management used to achieve these goals will affect soil C pools and productivity (Johnson and Curtis 2001; Jandl et al. 2007; Berger et al. 2013) . Although much research has been conducted on the influence of clearcutting on the mineral soil C pool Petrenko and Friedland 2014; Vario et al. 2014) , less attention has been focused on the influence of other even-aged silvicultural systems and repeated partial harvesting. Furthermore, the studies that have compared the influence of various silvicultural and harvesting treatments on soil C pools (see, for example, Chatterjee et al. (2009) ; Powers et al. (2011) ), rarely consider the potential effect of other soil properties besides C concentrations on these comparisons. Identifying potential differences in soil C pools among forests where different management strategies have been applied can inform decisions where objectives include C storage.
Forest harvesting can affect soil C pools through alteration of soil temperature and moisture regimes (Redding et al. 2003; Bekele et al. 2007) , physical disturbance of soil horizons (Yanai et al. 2003; Zummo and Friedland 2011) , and impacts on soil chemistry and nutrient dynamics (Kalbitz et al. 2000; Qualls et al. 2000) . After harvesting, decomposition of surface litter can be temporarily stimulated by warmer and possibly wetter soil conditions due to reduced evapotranspiration (Jandl et al. 2007 ). Other studies have found slower decomposition rates of surface litter following harvest due to lower soil surface moisture contents and reduced biotic activity (Yanai et al. 2003; Lal 2005) . Although this can lead to an increase in the O horizon C pool, it may take decades for the O horizon to recover from reductions due to removal of the forest floor or mixing of organic materials into the mineral soil ). In shallow mineral soils (within 20-30 cm of the mineral soil surface), microbial activity can be enhanced due to the incorporation of organic materials into the mineral soil and breakdown of soil aggregates through the physical mixing process (Besnard et al. 1996) . The transport of labile forms of C from shallow mineral soils can also enhance microbial activity in deep mineral soils (at depths below 20-30 cm of the mineral soil surface, and usually sampled to depths of 50-100 cm) and lead to the respiration of more stable C ).
Although some studies have shown no significant difference in soil C pools among various forest management treatments (Chatterjee et al. 2009; Powers et al. 2011) , the majority of studies imply that there are changes in C dynamics and pools following harvesting. A meta-analysis of harvesting impacts on soil C storage found that harvesting caused forest floor C stocks to decline by an average of 30% across multiple soil orders (Nave et al. 2010) . In the same analysis, Spodosols showed a significant loss of deep mineral soil C stocks, but no significant declines in C stocks were found for the soil profile as a whole. However, a recent study conducted across the northeastern US found a negative relationship between time since harvest and mineral soil C storage (Petrenko and Friedland 2014) . In studies involving simultaneous measurements of soil C pools on sites with similar soil types and past histories, Chatterjee et al. (2009) and Powers et al. (2011) found no significant differences in mineral soil C stocks among various silvicultural and harvesting treatments. Some studies have shown that whole-tree harvesting causes a decline in total soil C stocks compared with stem-only harvesting (Kaarakka et al. 2014) , whereas others have found no significant differences in mineral soil or the combined O horizon and mineral soil C pools between whole-tree and stem-only harvesting (Kurth et al. 2014) .
For individual field studies, soil drainage and the relative volume of coarse fragments in the mineral soil could have an influence on comparisons of soil C stocks among forest management treatments. For instance, Raymond et al. (2013) found that mineral soil C stocks were greater in moderately well-drained soils than more poorly drained soils in a coniferous forest. However, Richardson and Stolt (2013) did not find significant differences in C stocks between well-drained and moderately well-drained soils in southern New England. The presence of coarse fragments in the mineral soil can result in overestimates of mineral soil C stocks when coarse fragments are not quantified because they occupy space that could otherwise be filled by the fine earth fraction, air, and water. Rytter (2012) found that stone and gravel volumes significantly affected mineral soil C stock comparisons between study sites. The soil sampling technique can also affect estimates of soil C stocks depending on the precision of the coarse fragment estimates (Fernandez et al. 1993) . Hence, soil drainage and coarse fragments could confound analyses based solely on management effects or other stand-level factors.
Forest harvesting and soil drainage can also influence O horizon C stocks through effects on tree species composition, tree density, and coarse root production and inputs. Forests dominated by conifer species tend to have higher forest floor and mineral soil C stocks than hardwood forests (Fernandez 2008) , which is partially due to differences in litter quality (Rustad and Cronan 1988; Delaney et al. 1996; Finzi and Canham 1998) . After initial reductions in the forest floor C stock following harvesting, the forest floor can gradually accumulate C from inputs from vegetation regrowth Bradford and Kastendick 2010) . Timber harvesting also contributes large pulses of organic C to the mineral soil in the form of dead coarse roots following tree removal (Noormets et al. 2012) . Raymond et al. (2013) hypothesized that the deeper rooting of trees on moderately well-drained soils compared with somewhat poorly drained and poorly drained soils could contribute to the higher mineral soil C stocks on soils with better drainage conditions.
The primary objective of this study was to evaluate the long-term impact of different silvicultural and harvesting treatments on mineral soil C stocks in a lowland, mixedspecies forest on glacial till parent material. A secondary objective was to examine variation in mineral soil C stocks due to factors that can be influenced by treatment and site quality: coarse root biomass in the mineral soil, total tree basal area, and the relative basal area of conifers, eastern white pine (Pinus strobus L.), red spruce (Picea rubens Sarg.), eastern hemlock (Tsuga canadensis (L.) Carriere), and balsam fir (Abies balsamea (L.) Mill).
Retrospectively, we also evaluated the probability of detecting a significant treatment effect given our study design parameters. We also used our estimate of between-stand variability in mineral soil C stocks to estimate the number of stands per treatment that would be required to detect a difference in average mineral soil C stocks given a desired effect size and level of confidence. We hypothesized that no differences in average mineral soil C stocks would be detected among forest management treatments partially due to the well-known variability in forest soils of the region. However, we tried to account for some of the recognized variability by using depth to redoximorphic features, an index of soil wetness, and the relative volume of coarse fragments in the mineral soil as covariates in our analysis.
Materials and Methods

Study site and experimental design
The 1619-ha Penobscot Experimental Forest (PEF) is located in central Maine, USA (44°52′N, 68°38′W; mean elevation of 43 m) and is within the Acadian Forest: a transitional zone between the eastern North American broadleaf and boreal forests (Halliday 1937) . Tree species composition includes balsam fir, red spruce, eastern hemlock, northern white-cedar (Thuja occidentalis L.), and eastern white pine, in mixture with maples (Acer spp.), birches (Betula spp.), and aspens (Populus spp.). Since the 1950s, the U.S. Forest Service has maintained studies on the PEF to investigate the influence of silvicultural treatments and exploitative cuttings on stand composition, structure, growth, and yield (Sendak et al. 2003) . Each treatment was assigned to two experimental units (stands) ranging from 7 to 18 ha in size. Each stand has a system of 8-21 permanent sample plots (PSPs). The PSPs consist of a nested design with 0.08-, 0.02-, and 0.008-ha circular plots sharing the same plot center. Trees ≥11.4 cm diameter at breast height (dbh; 1.37 m) are measured on the entire 0.08-ha plot, trees ≥6.4 cm are measured on the 0.02-ha plot, and trees ≥1.3 cm are measured on the 0.008-ha plot.
For the present study, C pools were measured in three treatments (single-tree selection cutting on a 5-yr cycle, three-stage uniform shelterwood cutting, and commercial clearcutting) and an unmanaged reference. The selection stands had been cut 11 times prior to our sampling in 2012; residual structural goals were defined using the BDq method to specify target residual basal area, maximum diameter, and distribution of trees among size classes (see, for example, Guldin (1991) ). The shelterwood stands were regenerated over a period of 17 yr, with final overstory removal in the 1970s. The commercial clearcut stands had been harvested in the 1950s and 1980s; all merchantable trees were removed without stand tending or attention to regeneration. The reference stand (stand 32B) was not part of the original USFS study design, but was later added because no harvesting has occurred in the stand since the late 1800s . Detailed descriptions and timings of each treatment and stand are presented in Sendak et al. (2003) and Brissette and Kenefic (2014) . Also, the timing of harvests within replicates are not synchronized within a given number of years (Sendak et al. 2003) , which may result in between-stand variation of many forest attributes at any given point in time.
Before the PEF was established in 1950, repeated partial cutting and forest fires of unknown frequency and severity occurred across the forest . Commercial harvesting began in the late 1700s and continued until the late 1800s. When the Forest Service's silvicultural experiment began in the 1950s, tree species composition in the stands used for the present study was largely eastern hemlock, balsam fir, red spruce, hardwoods (mostly red maple (A. rubrum L.)), and other softwoods (mostly northern white-cedar) (Sendak et al. 2003) . Eastern white pine was a minor component of the stands (<10% of BA), except in the reference (20%). The stands were irregularly uneven-aged, with relatively low stem density in the larger size classes (Sendak et al. 2003; Kenefic and Brissette 2014) . Since the 1950s, stemonly harvesting (tree tops and branches cut from the tree bole and left on site) has been conducted and is usually confined to the winter months. Logging equipment varied over time as technology changed, starting with horse logging and progressing to cut-to-length harvesters with forwarders. Most stands were harvested using chainsaws and rubber-tired skidders. Current stand attributes for areas associated with this study are shown in Table 1 .
This study was conducted on soils derived from glacial till parent material. Soils that occupy upland positions include loamy-skeletal, isotic, frigid Lithic Haplorthods (Thorndike series), coarse-loamy, isotic, frigid Oxyaquic Haplorthods (Plaisted series), and coarse-loamy, isotic, frigid Aquic Haplorthods (Howland series) (Natural Resources Conservation Service 2012). Soils that occupy lower positions include loamy, mixed, active, acid, frigid, shallow Aeric Endoaquepts (Monarda series) and loamy, mixed, superactive, nonacid, frigid, shallow Histic Humaquepts (Burnham series). According to the Natural Resources Conservation Service (2012) secondorder soil survey, all of these soil series occur in each of the treatments that were evaluated in this study, except for the reference stand, which only includes the Plaisted series. We did not verify soil series at individual sample locations within stands, as this would have required field measurements and laboratory analysis beyond the scope of this research, but there was no visual evidence of marked pedologic inconsistencies from the surveyed soil conditions. For this study, mineral soil samples from 34 locations were collected from beneath the surface organic horizon to estimate mineral soil C stocks to a depth of 1 m. The B horizon was the uppermost mineral soil horizon, except in cases where an E horizon was present. E horizons, when present, were generally thin (2.7 ± 3.3 cm; mean ± SD), often discontinuous, and not included in the mineral soil analysis. Samples were collected 3 m outside of PSPs to avoid influence on other long-term studies. PSPs were selected in a random, stratified process with stratification according to the proportion of major soil types on glacial till within each replicate. Whenever possible, PSPs with only one soil map unit were selected for sampling. The second-order soil survey used for the selection process were for Southern Penobscot County (Natural Resources Conservation Service 2012). For each replicate of the selection, shelterwood, and commercial clearcut, mineral soils were sampled at 5 locations for a total of 30 sample locations. Mineral soils from 4 locations were collected in the reference stand.
Data collection
After the forest floor and E horizon were removed, mineral soil samples were collected using an impactdriven soil corer with an internal diameter of 5.1 cm. Samples were collected from four depths starting from the top of the B horizon: 0-10, 10-20, 20-43, and 43-100 cm. If ledge or large boulders extending above a depth of 1 m were encountered, the proportion of corer volume occupied by those features was estimated to a depth of 1 m. If a dense horizon could not be removed with the corer or a high water table was encountered, the volume occupied by mineral soil and coarse fragments below those features was estimated from the portion of the sample that could be obtained from the 43 to 100 cm depth increment (for example, a sample obtained from a depth of 43-70 cm). If a sample from the 43 to 100 cm depth increment could not be obtained, estimates of C concentrations were made from the sample obtained from the 20 to 43 cm depth increment. In instances where a dense horizon could not be removed with the corer or a high water table was encountered, soil conditions were evaluated with a rock bar to assure that the mineral soil was at least 1 m deep and consolidated bedrock was not encountered. When large coarse fragments were encountered, the fragment would be removed and the depth increment occupied by the fragment recorded. For small fragments extending beyond the diameter of the corer, a fragment from the surrounding soil that approximated the volume that would be occupied by the fragment in the corer was added to the collected soil sample.
Mineral soil samples were air-dried and sieved to separate the fine earth fraction (<2 mm) from coarse fractions (≥2 mm). For each sample, the fine fractions were weighed, homogenized, and subsampled for analysis. Air-dry moisture content was determined from the weights of mineral soil subsamples before and after being dried to constant mass at 100°C in a convection oven. The moisture content results were used to express mineral soil fine fraction weight on an oven-dry basis. Soil pH was measured with an electrode using a 1:1 ratio of deionized water to mineral soil. Total C and N (TC, TN) were measured by combustion analysis at 1350°C using a LECO CN-2000 analyzer (LECO Corp.). For each sample, the fine fraction oven-dry weight was multiplied by its TC estimate to derive mineral soil fine fraction C mass. For each soil core location, the fine fraction C stocks for each depth increment were summed to derive a total estimate of the mineral soil fine fraction C stock.
For each mineral soil sample, the coarse fractions were separated by roots, charcoal, and coarse fragments. The roots were oven-dried to constant mass at 65°C in a convection oven and weighed. Then, a composite sample of roots for each mineral soil location was ground to 0.85 mm using a Thomas-Wiley laboratory mill and analyzed for TC. For each sample, coarse root C mass was determined by multiplying the oven-dry weight of the sample by the composite estimate of TC. For charcoal C concentration, we used an estimate of 80% based on research on charcoal derived from live trees and downed Note: QMD, quadratic mean diameter. N is the number of plots. Data are from measurements of trees ≥1.3 cm diameter at breast height. woody debris after wildfire (Tinker and Knight 2000; Forbes et al. 2006 ). For each sample, coarse fragment volume was determined by water displacement (Robertson et al. 1999) or calculated for instances when depth measurements of coarse fragments were made. For each sample, total coarse fragment volume was calculated as the summation of these two volume estimates. Carbon bound in coarse fragments was not determined, but fine earth mineral soil was removed from coarse fragments using a fine wire brush and included in the fine fraction sample.
At 12 of the soil core locations, the E horizon was not removed from the mineral soil before sampling. These locations were sampled in 2012, whereas the other locations were sampled in 2013; in both years, samples were collected from July to September. As this horizon typically has a lower C concentration than the upper portion of the underlying B horizon (Fernandez 2008) , it is likely that the C concentration estimates for the 0 to 10 cm depth increment are lower compared with estimates had the E horizon been removed. Hence, the measured depth of the E horizon and an average E horizon C concentration estimate from Fernandez (2008) (1.54%) were used to calculate adjusted C concentrations for the 0 to 10 cm depth increment of samples where the E horizon was not removed. For locations where the E horizon was not removed, the observed C concentrations for lower depth increments could be higher than C concentrations of comparable depth increments at locations where the E horizon was removed. However, adjustments were not made to lower depths since the rates of change in C concentrations are gradual, and depth increments were treated the same for both years and combined for the analysis.
Trees were measured on PSPs in accordance with the nested plot design to assess tree species composition and density. Species and dbh were recorded for each tree, and total basal area and the relative basal area of conifers, eastern white pine, red spruce, eastern hemlock, and balsam fir were calculated for trees ≥1.3 cm dbh. At each mineral soil sample location, depth to redoximorphic features was recorded and drainage class was determined following the Maine Association of Professional Soil Scientists (2002) guidelines. Average cartographic depth-to-water, which is based on elevation, flow channels, and location of wetlands (Murphy et al. 2011; White et al. 2012) , was derived from a raster data set of 1 m resolution (UNB Forest Watershed Research Center 2014) using values within 3 m of the core location. This metric represents a wetness index that can be related to the drainage condition. The relative volume of coarse fragments in the mineral soil was calculated as the estimated volume of coarse fragments and ledge occupied within the soil core divided by the total volume of the soil core. The estimates of coarse root biomass used in the analysis were derived from our soil core samples.
Data analysis
Mixed effects modeling was used to account for the nested structure of the data and potential correlation of observations from the same stand. The data are nested in the sense that soil samples were collected from two stands of each treatment; only data from the replicated treatments (selection, shelterwood, and commercial clearcut) were used in the test for a treatment effect on mineral soil fine fraction C stocks (the response variable). "Stand" was used as a random effect. Treatment was used as a fixed effect because we were specifically interested in estimating potential differences in mineral soil C stocks among the selected treatments. Depth to redoximorphic features, cartographic depth-to-water, drainage class, and the relative volume of coarse fragments in the mineral soil were also evaluated for inclusion in the model as fixed effects. Because depth to redoximorphic features, cartographic depth-to-water, and drainage class were correlated, the model selection process was conducted separately with each of these variables.
Least-squares (LS) means were used to summarize the effects of the treatments on mineral soil C stocks and for pairwise comparisons among the LS means. In this study, the LS means are averages of C stock predictions over the predictors of the linear mixed-effects model. A potential issue of using this approach with models that contain interaction terms is that the estimated LS means can be biased. However, this is not a serious concern if the interaction is weak . The LS means and pairwise comparisons were calculated using the lsmeans and cld functions in the lsmeans (Lenth and Maxime Hervé 2014) and multcompView (Graves et al. 2012 ) packages, respectively, in R (R Development Core Team 2014). For the pairwise comparisons, differences between mineral soil C stock LS means were considered significant if P < 0.05 after applying a Tukey's honest significant difference multiplicity adjustment.
A separate mixed-effects model of mineral soil C stocks was fit with data from the reference and managed stands. Explanatory variables that can be influenced by treatment and soil properties were evaluated for inclusion in the model as fixed effects. These variables included coarse root biomass in the mineral soil, total basal area, and the relative basal area of conifers, eastern white pine, red spruce, eastern hemlock, and balsam fir. These properties, while representing current conditions, were also measured in the context of relatively stable stand composition over at least the last 60 yr (Saunders and Wagner 2008) . Specific tree species were included in the analysis because there is evidence that tree genera can explain variability in mineral soil C stocks (Boča et al. 2014) . Only uncorrelated explanatory variables were used to fit the model. When variables were correlated (r > 0.30), the explanatory variable having the strongest correlation with mineral soil C storage was used in the model. "Stand" was used as a random effect.
The lme function in the nlme package (Pinheiro et al. 2014) in R was used to fit the linear mixed-effects models.
Results
The observed mineral soil fine fraction C stock to a depth of 1 m at the 30 soil core locations in the managed stands was 47.7 ± 16.4 Mg ha −1 (mean ± SD). For mineral soil coarse fractions at these locations, the observed coarse root and coarse charcoal C stocks were 5.3 ± 5.0 and 0.6 ± 2.1 Mg ha −1 , respectively. Coarse charcoal in the mineral soil was observed at over 26% of the sampling locations (8 of the 30). When mineral soil coarse root and coarse charcoal C stocks were included in the estimate of mineral soil C storage, the observed C stock was 53.6 ± 17.3 Mg ha −1 . The relative volume of coarse fragments in the mineral soil was 33.6% ± 16.0%. For the reference stand, the observed fine fraction C stock (45.3 ± 12.9 Mg ha −1 ) was comparable to the overall mean for the other stands (Table 2) . When mineral soil coarse root and coarse charcoal C stocks were included in the estimate of mineral soil C storage, the observed C stock for the reference stand was 50.2 ± 11.9 Mg ha −1 .
Chemical properties of the mineral soil are reported in Table 3 . Also, stands with lower mineral soil C stocks tended to have a higher percentage of coarse fragments in the mineral soil as shown in Fig. 1 . The observed mineral soil fine fraction C stocks for the 30 soil core locations in the managed stands showed a relatively normal distribution. These data were used to model mineral soil C stocks as a function of treatment, depth to redoximorphic features, and the relative volume of coarse fragments in the mineral soil. Likelihood ratio tests indicated that depth to redoximorphic features and its interactions with other explanatory variables were not significant. The same results were achieved when cartographic depth-to-water and Note: Depth to redoximorphic features was used as an indicator of depth to water table; DTW, depth-to-water. N is the number of plots. drainage class were used in place of depth to redoximorphic features. The optimal mixed-effects model of mineral soil C stocks included treatment, the relative volume of coarse fragments in the mineral soil, and their interaction as fixed effects, and "stand" as a random effect. The model indicated that the fixed effects explained 30% of the variation in mineral soil C storage. Although a likelihood ratio test indicated that "stand" could be eliminated from the model, we retained the stand random effect in the final model to account for the correlation structure of the data. The correlation between observations from the same stand was moderate (r = 0.27), and the estimated variation for the random intercept and residual variance were 69.3 and 185.8 Mg ha −1 , respectively.
Pairwise comparisons implied that there were no significant differences between mineral soil C stock LS means for the selection, shelterwood, and commercial clearcut treatments (49.1 ± 7.3, 50.4 ± 7.4, 44.1 ± 7.3 Mg ha −1 , respectively; LS mean ± SE) at the mean value for the relative volume of coarse fragments in the mineral soil (33.6%) (Fig. 2) . Also, when only treatment and "stand" were modeled as fixed and random effects, respectively, the P value of the effect test for treatment was 0.8856 (based on an F ratio of 0.1265, 2 df in the numerator, 3 df in the denominator, and a significance level of 0.05). However, treatment was retained in the final mixed-effects model due to the inclusion of the interaction term. Although an interaction plot (Fig. 2) and a maximum likelihood ratio test (df = 2, L = 5.98, 9.00-17.35 4.38-16.00 5.36-21.90 P = 0.0503) indicated evidence for including the interaction term in the final model, the P value of an F test for the interaction term was only 0.1250. However, we chose to retain the interaction term in the model because it may have implications for future soils research on the PEF. Models of mineral soil C stocks that included combinations of uncorrelated explanatory variables along with their interactions were also evaluated. Data from the reference stand and the managed stands were used, and "stand" was used as a random effect. However, in these models, coarse root biomass in the mineral soil, total basal area, and the relative basal area of conifers, eastern white pine, red spruce, eastern hemlock, and balsam fir were not significantly correlated with mineral soil C storage. In a simple random-effects model, variation in mineral soil C stocks among stands accounted for 20.8% of the components of variance. Even when only data from the managed stands were evaluated, the previously mentioned explanatory variables were not significant when modeled with "stand" as a random effect.
Discussion
For the managed stands of this study, the observed average mineral soil fine fraction C stock (47.7 Mg ha −1 ) was lower than that reported for the Howland Forest (Fernandez et al. 1993) , which is another lowland research forest on glacial till in Maine that is approximately 50 km north. At the Howland Forest, the average mineral soil C stock was 66.6 Mg ha −1 , which included approximately 8 Mg ha −1 C from the E horizon. The differences in C stocks between the two sites may be partially due to the lower C concentrations and slightly higher relative volume of coarse fragments observed at the PEF. For example, for the 40 to 100 cm depth increment, C concentration at the Howland Forest was approximately 1.37% compared with 0.30%, 0.27%, and 0.24% for the selection, shelterwood, and commercial clearcut treatments on the PEF. Other studies have reported higher average mineral soil C stocks for sites in Maine (Birdsey and Lewis 2003; McLaughlin and Phillips 2006; Fernandez 2008; Raymond et al. 2013) .
Many of these studies were on upland sites, highlighting the fact that more studies are needed to quantify C storage on lowland forests (Fernandez 2008) . Petrenko and Friedland (2014) found that average mineral soil C stocks were 34.9, 32.1, and 26.4 Mg ha −1 for 0-10, 10-20, and 20-30 cm depth increments in recently (<100 yr old) harvested stands across the northeastern USA. The corresponding C concentrations for these depth increments (7.2%, 4.6%, and 3.3%) were higher than our values, which may partially explain the lower mineral soil C stocks observed at our study site. For northern hardwood stands in the North American Great Lakes region, Powers et al. (2011) found that average mineral soil C storage was approximately 80 Mg ha −1 within the first 30 cm of the mineral soil on moderately welldrained soils derived from glacial till. In European forests, De Vos et al. (2015) estimated that mineral soil C storage was 108 Mg ha −1 to 1 m depth. The apparent differences in mineral soil C stocks among studies could reflect the specific soil types, land use history, and climate of the study sites.
Although the pairwise comparisons for this study should be considered with caution due to the interaction between the relative volume of coarse fragments in the mineral soil and treatment, we found no significant differences in LS mean mineral soil C stocks between treatments. Other studies involving comparisons of mineral soil C stocks among different treatments have also reached this conclusion (Chatterjee et al. 2009; Powers et al. 2011) . As most of the harvesting on the PEF is conducted during the winter months, there is likely minimal physical disturbance of the soil horizons. Furthermore, there was no evidence of physical mixing in soil morphologies at our sample locations. Winter harvesting limits mixing of organic materials into the mineral soil horizons due to management activities and the potential for C depletion by physical or chemical destabilization, or through the promotion of microbial respiration in deep mineral soils Zummo and Friedland 2011) . Also, stem-only harvesting (tree tops and branches left on site) has been practiced on the forest, so logging residues are available for incorporation into O horizons, which may serve as an eventual C source for mineral soil horizons.
Overall, the relative volume of coarse fragments in the mineral soil was negatively correlated with mineral soil C storage, which is consistent with the findings of other studies (Fernandez et al. 1993; Rytter 2012) . However, the magnitude and direction of the relationship was not the same for all treatments (Fig. 2) . For the selection and shelterwood, the correlation was negative, but the magnitude of the relationship was greatest in areas where the selection system was applied. In a replicate of the shelterwood, one observation from a shallow soil overlying ledge may have caused the differences in the slope parameters between the two treatments. For this observation, the C stock of the mineral soil was high compared with other observations, likely due to the accumulation of C in the shallow soil. For the commercial clearcut, the correlation between coarse fragment volume and mineral soil C stocks was positive but rather weak. Hence, in some instances, C storage may not be precluded by high coarse fragment content, as suggested by Vario et al. (2014) .
To test whether mineral soil C concentrations were higher at locations that had a higher relative volume of coarse fragments in the mineral soil, we developed models of mineral soil fine fraction C concentration for the various mineral soil depth increments. For all depth increments, mineral soil C concentration was not significantly correlated with the relative volume of coarse fragments in the mineral soil. Although not statistically significant, for the 20 to 43 cm and 43 to 100 cm depth increments, there was a positive correlation between these variables (r = 0.28 and 0.27, respectively). Higher mineral soil C concentration in areas of higher relative volume of coarse fragments in the mineral soil have been observed in other studies (Childs and Flint 1990; Schaetzl 1991) and could explain the weak correlation between mineral soil C stocks and the relative volume of coarse fragments in the mineral soil for the commercial clearcut and shelterwood treatments. For the 20 to 43 cm depth increment, we provide an interaction plot of C concentration (Fig. 3) for comparison to the interaction plot of mineral soil C stocks (Fig. 2) to highlight this finding.
Depth to redoximorphic features, cartographic depthto-water, drainage class, coarse root biomass, total basal area, and the relative basal area of conifer species were not significant predictors of mineral soil C storage. However, it is important to consider that our study only included samples from a limited range of drainage classes (moderately well, somewhat poorly, and poorly drained). Also, our mineral soil samples were collected away from the root collar of trees, so our observed coarse root biomass values are likely underestimates of stand level coarse root biomass. Boča et al. (2014) found that mineral soil C stocks were, generally, not different between conifers and hardwoods. However, when analyses by genera were performed, they found that Picea stored more C in the mineral soil than hardwoods. In our study, the diverse mixture of tree species within stands and the high variation in mineral soil C stocks among stands may have confounded our ability to detect a tree species effect on mineral soil C storage.
An alternative explanation for the finding of no significant differences in average mineral soil C stocks among treatments was that our effect test had a relatively low power to detect differences in mineral soil C stocks. In our model that included treatment as a fixed effect and "stand" as a random effect, an effect test for treatment indicated that there were no differences in average C stocks among treatments (P = 0.8856). However, the number of replicates of each treatment was low (n = 2), which increases the likelihood of a Type II error. To evaluate the power of our effect test, we conducted a post hoc power analysis according to methods outlined by Quinn and Keough (2002) and Lenth (2007) . This analysis indicated that the probability of detecting a significant treatment effect was only 6%. Other studies on soil C have also shown that their effect tests had low power due to low replication (McLaughlin and Phillips 2006; Kurth et al. 2014; Petrenko and Friedland 2014) . For example, Petrenko and Friedland (2014) found that between 60 and 230 stands meeting their study's criteria would be required to detect significant differences in mineral soil C pools depending on the depth increment sampled.
Because the number of replicates is fixed on this longterm study site, increasing the significance level is one option to potentially avoid committing a Type II error (Seymour et al. 2006) . However, in our model that included treatment as a fixed effect and "stand" as a random effect, treatment would only have been significant had we set the significance level at >0.87, a-priori. Using methods by Ott and Longnecker (2001) and the observed between-stand variance (128.7 Mg ha −1 ), we determined that 98 stands per treatment would be required to be 80% certain that the F test would detect a difference in average mineral soil C stocks whenever any pair of treatments had C stocks differing by more than 5 Mg ha −1 . Although collecting more soil cores within stands would provide better variance estimates and improve power, the power of the effect test for treatment is directly and most importantly affected by the number of replicates of each treatment in the nested design (Andrew and Underwood 1993; Quinn and Keough 2002) . Also, in our model that included treatment as a fixed effect and "stand" as a random effect, the correlation between observations from the same stand was moderate (r = 0.38) and the within-stand variance was 209.3 Mg ha −1 . A low correlation would imply that more sampling is needed or that there is truly a high level of within-stand variability.
Conclusion
We found no significant differences in average mineral soil C stocks among selection, shelterwood, and commercial clearcut treatments on the PEF. This may imply that the mineral soil C pool is relatively unresponsive to forest management activities as has been suggested in some studies (Chatterjee et al. 2009; Powers et al. 2011) . However, we found that the interaction between treatment and the relative volume of coarse fragments in the mineral soil is important to consider when evaluating treatment effects on glacial till. Also, the low number of replicates (n = 2) of each treatment on this long-term research site increases the likelihood of committing a Type II error. A post hoc power analysis indicated that the probability of detecting a significant treatment effect was only 6%. We determined that 98 stands per treatment would be required to be 80% certain that the F test would detect a difference in average mineral soil C stocks whenever any pair of treatments had C stocks differing by more than 5 Mg ha −1 . Based on this research, future studies should devise ways to increase the number of stand replicates within treatments. For example, grouping stands with similar harvesting intensities and frequencies could result in better inference about soil C storage between broad categories of forest management strategies. Additionally, if some soil series occurred across forest management categories, then restricting sampling to those soils and blocking by soil series could be a useful strategy for reducing variability due to soil series; that is, if in fact the soil series explained high variability in mineral soil C stocks, which can only be determined after the study is conducted.
